ABSTRACT: Use of lamb BW or chilled carcass weights (CCW), live-animal ultrasound or direct carcass measurements of backfat thickness (BF; mm) and LM area (LMA; cm 2 ), and carcass body wall thickness (BWall; mm) to predict carcass yield and value was evaluated using 512 crossbred lambs produced over 3 yr by mating Columbia, U.S. Meat Animal Research Center Composite, Suffolk, and Texel rams to adult Rambouillet ewes. Lambs were harvested at 3 BW endpoints within each year. The predictive value of 3 to 5 additional linear measurements of live-animal or carcass size and shape was also evaluated. Residual correlations (adjusted for effects of year, breed, and harvest group) between ultrasound and direct measurements were 0.69 for BF and 0.65 for LMA. Increasing ultrasound or carcass LMA had positive effects (P < 0.001) on yield of chilled carcass (i.e., on dressing percentage) and, at comparable CCW, on weight of high-value cuts (rack, loin, leg, and sirloin) before trimming (HVW), weight of trimmed high-value cuts (trimmed rack and loin and trimmed boneless leg and sirloin; TrHVW), and carcass value before (CVal) and after (TrCVal) trimming of high-value cuts. By contrast, ultrasound and direct measures of BF had positive effects on yields of CCW and on HVW and CVal but large negative effects on TrHVW and TrCVal. After adjusting for BW at scanning, increases of 1 mm in ultrasound BF or 1 cm 2 in ultrasound LMA were associated with changes of US$-0.32 (P < 0.10) and $1.62 (P < 0.001), respectively, in TrCVal. Carcass BWall was generally superior to carcass BF as a predictor of TrHVW and TrCVal. Carcass LMA was superior to ultrasound LMA but carcass BF was inferior to ultrasound BF for prediction of carcass yield and value. Increasing LMA thus would be expected to improve carcass yield and value. Addition of linear measurements of live-animal or carcass size and shape to the prediction model reduced residual SD (RSD) for TrHVW and TrCVal by 0.4 to 2.2%, but subsequent removal of ultrasound or direct measures of BF and LMA from the prediction model increased RSD by 7.4 to 12.2%. Measurements of CCW, LMA, BF, and BWall would thus be appropriate to support programs for value-based marketing of lamb carcasses and are superior to systems based only on measurements of size and shape in unribbed carcasses.
INTRODUCTION
Accurate prediction of carcass value is essential to establish value-based pricing systems for livestock and implement effective genetic improvement programs. At carcass level, considerable progress has been made in instrument-based grading of beef carcasses (Woerner and Belk, 2008) and was facilitated by splitting and ribbing of carcasses to allow direct measurement of the size of the LM and thickness of external fat depots. However, lamb carcasses are normally not split or ribbed during processing and prediction of lamb carcass value has been restricted to use of measurements on intact carcasses (Brady et al., 2003; Cunha et al., 2004; Lambe et al., 2009) .
Real-time ultrasound and computed tomography (CT) can be used to visualize and quantify muscle and fat depots in live animals and carcasses. Neither ultrasound nor CT is generally considered to be cost effective to assess carcass value in commercial slaughter lambs. However, in live animals, both ultrasound and CT have potential to improve genetic merit for carcass value when used in elite flocks that generate breeding rams for widespread commercial use. In this context, ultrasound is generally used as an initial screening tool, with subsequent use of the more expensive CT equipment on a subset of potentially elite breeding males (Jopson et al., 2004; Macfarlane et al., 2006) . This study used data from a comprehensive terminal sire breed evaluation Notter et al., 2012; Mousel et al., 2012 Mousel et al., , 2013 Kirschten et al., 2013) to assess accuracy of ultrasound predictors of carcass measurements and quantify the value of live-animal ultrasound and direct carcass measurements of muscling and fatness to predict carcass yield and value. This study will provide information on the value of live-animal ultrasound measurements to improve carcass merit and the use of direct carcass measurements in value-based marketing.
MATERIALS AND METHODS
The U.S. Sheep Experiment Station (USSES) Institutional Animal Care and Use Committee approved all husbandry practices and experimental, transportation, and harvest procedures used in this study.
Animals and Measurements
Animals were produced in 2006, 2007, and 2008 by mating Columbia, U.S. Meat Animal Research Center (USMARC) Composite (Leymaster, 1991) , Suffolk, and Texel rams to adult Rambouillet ewes. Lambs were born in March or April of each year, and male lambs were castrated within 24 h of birth. Ewes and lambs were maintained outdoors in a feedlot without access to pasture for approximately 30 d following lambing and then herded on sagebrush steppe and subalpine range until weaning at approximately 132 d of age. Within 8 d after weaning, 1 of 3 replicated feedlot pens was randomly assigned, within breed and sex, to each lamb. Carcass data were collected only for wether lambs, and 1 of 3 harvest groups was randomly assigned, within breed and feedlot pen, to each wether lamb. Lambs were fed ad libitum and weighed weekly. Wethers in groups 1, 2, and 3 were scheduled for harvest when projected mean BW of all wethers in the feedlot reached 54.4, 61.2, or 68.0 kg, respectively. Details of sire selection, diets, and preweaning and postweaning management are found in Leeds et al. (2012) and Notter et al. (2012) . Data were available for 512 wether lambs. Exclusion of outliers (Notter et al., 2014) and animals with missing values for 1 or more measured variables reduced numbers of observations to 482 for prediction of accuracy of ultrasound measurements and 456 for prediction of carcass yield and value.
Wethers were transported to The Ohio State University Meats Laboratory in 3 groups within each year. Lambs in the final 2008 harvest group were harvested approximately 2 wk before reaching their anticipated target BW due to scheduling conflicts. On the morning before shipment to the abattoir, off-test BW, wither height, heart girth, and leg width were measured on each lamb (Notter et al., 2014) . Lambs had access to feed until removal from their pens for weighing. Each lamb was scanned twice on the left side (Leeds et al., 2008b ) using an Aloka SSD-500V scanner (Corometrics Medical Systems, Wallingford, CT) with a 3.5-MHz, 12.5-cm linear array transducer and standoff (Superflab; Mick Radio-Nuclear Instruments Inc., Mount Vernon, NY). Wool was clipped from the scan site to an approximate length of 3.2 mm, and warm vegetable oil was used as a conductive medium. All lambs in 2006 were scanned by the same technician. A second technician scanned all of the 2007 and 2008 lambs.
Transfer from USSES in Dubois, ID, to Columbus, OH, required approximately 48 h. Lambs were provided a minimum of 0.52 m 2 of floor space per animal, received water and alfalfa hay during transport, and were provided water and allowed to rest overnight after arrival at the abattoir. On the following morning, the harvest BW was determined and lambs were then stunned using a captive bolt, exsanguinated, and dressed. After chilling at 4°C for approximately 24 h, chilled carcass weight (CCW) was recorded, and shoulder width, carcass length, leg width, and cannon bone length were recorded on hanging carcasses Notter et al., 2014) . Cannon bone circumference was also measured in 2007 and 2008. Carcasses were cut between the 12th and 13 ribs to expose the LM and associated fat deposits. Backfat thickness (BF), LM area (LMA), and body wall thickness (BWall) were measured on the left and right side of each carcass (Leeds et al., 2008b; Mousel et al., 2012) . The BF was measured at approximately the midpoint of the LM, and BWall was measured at approximately 12.7 cm from the dorsal midline. Loin muscle perimeters were traced on acetate paper and transferred to a digitizing tablet (SummaSketch III; Summagraphics Corp., Fairfield, CT), and LMA was calculated (Planimeter Anything; The Logic Group, Austin, TX). Carcasses were then fabricated , and resulting cuts were weighed. Weights of high-value cuts (rack, loin, leg, and sirloin) before trimming (HVW) and weight of trimmed high-value cuts (trimmed rack and loin and trimmed boneless leg and sirloin; TrHVW) were determined. Weight of boneless sirloin was determined only in 2007 and 2008 but estimated for 2006 using procedures described by Notter et al. (2014) . Carcass value before (CVal) and after trimming of high-value cuts (TrCVal) was determined by summing products of weights and average prices for each cut (Leeds et al., 2008b; Notter et al., 2014) . The TrHVW was also expressed as a percentage of CCW (TrHV%) to facilitate comparisons with previous studies.
Statistical Analysis
Accuracy and Repeatability of Ultrasound Estimates of Backfat Thickness and LM Area. Accuracies of ultrasound predictors of BF and LMA were assessed by calculating prediction bias, SE of prediction (SEP) and SE of repeatability (SER), and associated accuracies (i.e., residual correlations between comparable ultrasound and carcass measurements) and repeatabilities (i.e., residual correlations between repeated ultrasound scans; Leeds et al., 2008b ). The base model for all analyses (Model 1) included effects of year of measurement, harvest group, sire breed, and year × harvest group and year × sire breed interactions. Sire breed × harvest group and year × sire breed × harvest group interactions were tested in preliminary analyses, were not significant (P ≥ 0.15), and were not included in Model 1. All models were fitted using the General Linear Models procedure of SAS (version 9.2; SAS Inst. Inc., Cary, NC).
Estimates of mean bias and SEP were derived by analysis of differences between carcass and ultrasound measurements, with 4 observations per lamb representing all combinations between carcass measurements on the 2 sides of each carcass and 2 ultrasound scans taken on the left side of each live lamb. Results thus represent average relationships between individual ultrasound scans taken on the left side of the animal and individual measurements taken on either side of the carcass. The statistical model for analysis of these data included effects of scan order × carcass side plus effects in Model 1 nested within effects of scan order × carcass side to account for repeated measurements. Least-squares means from this model provided estimates of mean prediction bias for each effect in the model and the square root of residual variance was equal to the SEP. The SER was derived by analysis of differences between the 2 ultrasound scans using Model 1 with 1 observation per lamb and with SER equal to the square root of the residual variance. Model 1 was likewise applied to differences in carcass measurements between the left and right side of the carcass to estimate carcass asymmetry. The same models were applied to actual observations (instead of differences) to obtain residual correlations between ultrasound and carcass measurements, repeated ultrasound measurements, and measurements taken on the 2 sides of the carcasses.
Prediction of Carcass Yield and Value. Residual correlations among body and carcass weights, linear measures on live lambs and carcasses, and indicators of carcass yield and value were determined after fitting Model 1 with 1 observation per lamb. Correlations involving ultrasound measurements were estimated with 2 observations per lamb (1 for each scan). For these analyses, variables that were measured only once (weights, indicators of carcass value, etc.) were repeated for each ultrasound observation, the statistical model was augmented with effects of scan order, and effects in Model 1 were nested within effects of scan order. Similarly, data for estimation of correlations involving measurements of BF, LMA, and BWall from both sides of the carcass included 2 observations per lamb (1 for each side of the carcass), the statistical model was augmented with effects of carcass side, and Model 1 effects were nested within effects of carcass side. Finally, data for estimation of correlations between ultrasound measurements and carcass measurements at the 12th to 13th rib interface included 4 observations per lamb (2 scans and 2 carcass sides) with effects of scan order × carcass side added to the model and Model 1 effects nested within effects of scan order × carcass side. These models allowed inferences regarding correlations among measured variables to be appropriate to a single ultrasound scan and a single carcass measurement of BF, LMA, and BWall. Residual correlations among variables were also calculated after adding effects of off-test BW at scanning, harvest BW at the abattoir, or CCW to Model 1 to assess relationships among variables at comparable body or carcass weights. Significance of correlations was assessed using df for models with 1 observation per lamb and would therefore be somewhat conservative for repeated measures. Because of a scale malfunction at the abattoir, harvest BW were not accurately recorded for harvest group 2 in 2006, and records for these lambs were removed from analyses involving this BW.
Prediction equations that were evaluated included 1) prediction of harvest BW from off-test BW, 2) prediction of CCW from either off-test or harvest BW, and 3) prediction of HVW, TrHVW, CVal, and TrCVal from CCW. After fitting Model 1 and the appropriate weight for each prediction, we then evaluated additional contributions of live-animal ultrasound measurements (with 2 observations per animal and after nesting Model 1 effects within effects of scan order) or carcass measurements at the 12th to 13th rib interface (with 2 observations per animal and after nesting Model 1 effects within carcass side) to the prediction. Additional linear measurements on live animals and carcasses were then added to models using ultrasound and direct carcass measurements, respectively, with stepwise removal of nonsignificant (P > 0.10) continuous variables to develop optimal predictors.
Regression coefficients for variables that were measured only once on each lamb but were duplicated for each scan or carcass side (i.e., weights and linear measurements) were unbiased. However, their SE were underestimated by a factor of 2 1/2 and F-tests were overestimated by a factor of 2. Results were corrected for these biases. Regression coefficients for repeated measures from 2 scans or 2 sides of the carcass were essentially equal to averages of regression coefficients derived for each scan or side. These repeated measures were considered to represent 2 independent predictors, and F-tests and SE were not adjusted.
RESULTS

Accuracies of Ultrasound Predictors
Backfat Thickness. Average bias in prediction of carcass BF differed among years (P < 0.001), ranging from 0.81 ± 0.10 mm in 2006 to -0.48 ± 0.11 mm in 2008 (Table 1) . Differences in prediction bias for BF were also observed among harvest groups (P = 0.002). Ultrasound BF overestimated carcass BF by an average of 0.40 ± 0.10 mm in harvest group 2, but no bias was observed for harvest groups 1 (-0.12 ± 0.10 mm) or 3 (0.14 ± 0.10 mm). Prediction bias for BF among breeds was suggested only for Texel crosses, where ultrasound BF overestimated carcass BF by an average of 0.39 ± 0.12 mm (P = 0.001). Bias in estimation of BF was not affected (P ≥ 0.16) by interactions among year, harvest group, and breed.
After adjusting for effects of year, harvest group, and breed, the overall SEP for carcass BF was 1.45 mm and the overall correlation between ultrasound and carcass BF was 0.69 (Table 1 ). The SEP for BF was somewhat larger, and accuracy of estimation was correspondingly smaller, in 2007. The overall SER for the 2 ultrasound BF scans taken on each lamb was 0.78 mm, and the associated repeatabilities ranged from 0.80 to 0.86 among years. Asymmetry in carcass BF thickness was assessed by comparing measurements taken on the left and right sides of the carcasses. The mean difference in the 2 carcass measurements was small (0.077 ± 0.044 mm; P = 0.08), and the correlation between them was 0.88.
The value of a second ultrasound BF scan was assessed by fitting values for the 2 ultrasound BF measures taken on the left side as separate independent variables for prediction of average carcass BF. A second scan resulted in a small improvement in accuracy of prediction (P < 0.001). After adjusting for effects of year, harvest group, and breed, the correlation of the mean carcass BF from both sides of In each year, lambs were assigned at random to 1 of 3 groups and harvested when the average mean BW of all wethers in the feedlot reached 54.4, 61.2, or 68.0 kg.
2 Tabular values are based on residual sums of squares and cross-products from a model that included effects of year, harvest group, and breed. 3 Correlation between ultrasound and comparable carcass measurements.
4 Correlation between repeated ultrasound measurements.
5 Correlations between measurements taken on the left and right sides of the carcass.
the carcass with a single ultrasound BF scan was 0.71 and increased to 0.74 when based on the average of 2 scans. Loin Muscle Area. Bias in prediction of carcass LMA was not observed in 2006, but positive bias was present in 2007 (P < 0.001), and negative bias was present in 2008 (P < 0.001). Effects of harvest group also affected prediction bias for LMA (P < 0.001) but were not consistent among years, with large year × harvest group interaction (P = 0.001; data not shown). As discussed by Mousel et al. (2013) , the presence of year × harvest group interactions in these data appear to indicate the presence of "batch" effects on scanning, processing, and measurement of lambs harvested in different groups. Prediction bias in LMA differed little among the sire breeds (not shown); ultrasound LMA overestimated carcass LMA by an average of 0.25 ± 0.12 cm 2 for Columbia-sired lambs and underestimated carcass LMA by an average of 0.25 ± 0.12 cm 2 for Suffolk-sired lambs (both P = 0.04).
After adjusting for effects of year, harvest group, and breed, the overall SEP for LMA was 1.68 cm 2 . The SEP for LMA was approximately 1. After adjusting for effects of year and harvest group, the overall SER for ultrasound LMA was 1.65 cm 2 and the overall repeatability was 0.67, with modest variation among years.
Asymmetry in carcass LMA was present in these data. The carcass LMA measurement from the left side of the carcass averaged 0.33 ± 0.05 cm 2 (2.0%) larger (P < 0.001) than that from the right side, and this difference was consistent among years, breeds, and harvest groups. The correlation between the 2 carcass measures of LMA was 0.84. Recording 2 ultrasound LMA scans improved prediction of carcass LMA (P < 0.001). After adjusting for effects of year, breed, and harvest group, the average LMA from the 2 sides of the carcass had a correlation of 0.68 with a single LMA scan but a correlation of 0.75 with the average of 2 scans.
Prediction of Carcass Yield and Value
Correlations among Measured Variables. Correlations among body and carcass weights, ultrasonic and carcass measures of BF and LMA, carcass BWall, and measures of carcass yield and value are shown in Table 2 . Correlations among body and carcass weights and among measures of carcass yield and value ranged from 0.95 to 0.99, reflecting the dominant impact of animal size on these measures. Correlations among measurements of BF, LMA, and BWall were moderate and positive, ranging from 0.12 to 0.57, again reflecting common positive correlations of 0.40 to 0.61 with body and carcass weights. Correlations between measurements of BF, LMA, and BWall and measurements of carcass yield and value were likewise moderate and positive, ranging from 0.35 to 0.67. 1 Correlations and RSD above the diagonal are based on residuals from a model that included effects of year, harvest group, sire breed, and year × harvest group and year × breed interactions (Model 1). Correlations below the diagonal and RSD|weight were derived by adding effects of off-test BW (for live lamb measurements) or chilled carcass weight (for carcass measurements) to Model 1.
2 For pairs of variables excluding harvest BW, df = 438 and P < 0.0001, P < 0.001, P < 0.01, and P < 0.05 for |r| > 0.19, 0.16, 0.12, and 0.10, respectively. For pairs of variable that include harvest BW, df = 384 and P < 0.0001, P < 0.001, P < 0.01, and P < 0.05 for |r| > 0.20, 0.17, 0.13, and 0.10, respectively.
3 OTBW = off-test BW; HW = harvest BW; CCW = chilled carcass weight; USBF = ultrasound backfat thickness; USLMA = ultrasound LM area; BF = backfat thickness; LMA = LM area; BWall = body wall thickness; HVW = weight of high-value cuts (rack, loin, leg, and sirloin) before trimming; TrHVW = weight of trimmed high-value cuts (trimmed rack and loin and trimmed boneless leg and sirloin); CVal and TrCVal = carcass value before and after trimming of high-value cuts.
Partial correlations among measured variables after adjusting for effects of off-test BW (for ultrasound variables) or CCW (for all other variables) are shown below the diagonal of Table 2 . After adjusting for weight, correlations between measures of BF and BWall and measures of LMA ranged from near 0 to slightly negative, indicating independence of carcass muscling and fatness after accounting for effects of weight. Measures of ultrasound and carcass fatness had small positive correlations with HVW and CVal and moderate negative correlations with TrHVW and TrCVal. Measures of LMA had significant positive correlations with HVW and CVal and somewhat larger positive correlations with TrHVW and TrCVal; correlations with carcass LMA averaged 0.13 larger than those with ultrasound LMA.
Correlations of linear measures on live lambs and carcasses with BW and measures of carcass yield and value were presented by Notter et al. (2014) and were positive, ranging from 0.43 to 0.86. Correlations of linear measurements on live animals and carcasses with ultrasound and carcass LMA were moderate and positive, ranging from 0.09 to 0.58 (Table 3) . Adjustment of liveanimal measures for off-test BW and carcass measures for CCW resulted in substantial reductions in correlations between linear measures on live animals and carcasses and measures of BF, LMA, and BWall (Table 3) . Correlations among linear measurements on live animals and carcasses were also presented and discussed by Notter et al. (2014) . Table 4 . The R 2 for weight-or value-based predictions ranged from 0.95 to 0.99, but R 2 for prediction of TrHV% averaged only 0.61. Prediction of harvest BW from offtest BW as an indicator of weight loss during shipping revealed a small favorable association with ultrasound LMA (P < 0.10) but no association with ultrasound BF. However, after adjusting for either off-test BW or harvest BW, ultrasound BF and LMA both had large positive associations with CCW (i.e., with dressing percentage). At comparable CCW and ultrasound LMA, increasing ultrasound BF had a small positive effect on HVW (P < 0.10) and a larger positive effect on CVal (P < 0.01) but large negative effects on TrHVW, TrHV%, and TrCVal (P < 0.001). Compared with ultrasound BF, carcass BF had a larger predicted effect on HVW, a similar effect on CVal, and, surprisingly, smaller effects on TrHVW, TrHV%, and TrCVal. Increasing ultrasound or carcass LMA had positive effects on all measures of carcass yield and value, and effects of changing carcass LMA were larger than those associated with changes in ultrasound LMA. 1 Residual df = 438 and P < 0.0001, P < 0.001, P < 0.01, and P < 0.05 for |r| > 0.19, 0.16, 0.12, and 0.10, respectively.
2 WHt = wither height; HG = heart girth; LLWid = live leg width; ShWid = shoulder width; CLen = carcass length; LWid = leg width; CanLen = cannon bone length; CanCirc = cannon bone circumference.
3 USBF = ultrasound backfat thickness; USLMA = ultrasound LM area; BF = backfat thickness; LMA = LM area; BWall = body wall thickness.
4 Model 1 correlations are based on residuals from a model that included effects of year, harvest group, breed, and year × harvest group and year × breed interactions.
5 Correlations are based on residuals from a model that included effects in Model 1 plus effects of OTBW (for ultrasound and additional linear live-animal measurements) or CCW (for carcass measurements).
After adjusting for CCW, replacement of ultrasound measures on live animals with actual measurements of BF and LMA reduced residual SD (RSD) of HVW, TrHVW, TrHV%, CVal, and TrCVal by 4.0, 1.2, 0.9, 4.1, and 2.8%, respectively (Table 4) . Addition of carcass BWall to the model did not improve accuracy of prediction of HVW or CVal, but, after adjustment for CCW, BF, and LMA, BWall had a strong additional negative association with TrHVW, TrHV%, and TrCVal (Table 4) . Measurements of BWall and BF both contributed to prediction of these variables, but BWall was more informative. When BWall was used as an alternative, rather than a supplement, to BF in prediction equations for TrHVW, TrHV%, and TrCVal, RSD were reduced by an average of 2.5%.
Cumulative effects of ultrasound BF and LMA on dressing percentage at comparable BW and on carcass value at comparable CCW from Table 4 were considered by directly fitting effects of BW and ultrasound BF and LMA on carcass value (Table 5) . At comparable offtest or harvest BW, increasing ultrasound BF by 1 RSD (1.18 mm) increased CVal by US$1.24 to $1.30 (P < 0.001) in association with positive effects of ultrasound BF on both dressing percentage and CVal at comparable CCW but reduced TrCVal by $0.34 to $0.38 (P < 0.10). At comparable off-test or harvest BW, increasing ultrasound LMA had consistent positive effects on both dressing percentage and the value of the carcass: an increase of 1 RSD (1.56 cm 2 ) in ultrasound LMA was associated with increases of approximately $1.88 in CVal and $2.41 in TrCVal (both P < 0.001).
Effect of a Second Ultrasound Scan on Prediction of Carcass Yield and Value. Lambs were scanned twice on the left side before shipment to the abattoir, and a second scan improved accuracy of prediction of carcass BF and LMA. However, a second BF scan did not improve accuracy of any of the predictions in Table 4 . Conversely, a second LMA scan improved accuracy of prediction of CCW from off-test BW and prediction of HVW, TrHVW, TrHV%, and TrCVal but not CVal from CCW, with reductions in RSD from addition of a second scan of 1.5, 0.5, 2.1, 1.9, 1.8, and 0.3%, respectively. Prediction equations based on averages of 2 ultrasound scans are shown in Supplemental Data 1. Table 4 were based on BF, LMA, and BWall measurements from 1 side of the carcass. However, measurements derived from images of ribbed carcasses would potentially include both sides of the carcass, and prediction equations based on average measurements are shown in Supplemental Data 1. Measuring LMA on both sides of 1 OTBW = off-test BW; CCW = chilled carcass weight; HW = harvest BW; HVW = weight of high-value cuts (rack, loin, leg, and sirloin) before trimming; TrHVW = weight of trimmed high-value cuts (trimmed rack and loin and trimmed boneless leg and sirloin); TrHV% = TrHVW expressed as a percentage of CCW; CVal = carcass value before trimming of high-value cuts; TrCVal = carcass value after trimming of high-value cuts.
Effect of Measurements from Both Sides of the Carcass on Prediction of Carcass Yield and Value. Predictions in
2 Variable × weight predictor.
the carcass improved accuracy of prediction of HVW (P = 0.02), TrHVW (P = 0.003), TrHV% (P = 0.01), CVal (P = 0.01), and TrCVal (P = 0.02), but an additional carcass BF or BWall measurement contributed little to accuracy of prediction. Reductions in RSD associated with use of measurements of BF, LMA, and BWall from both sides of the carcass to predict HVW, TrHVW, TrHV%, CVal, and TrCVal were 0.9, 1.5, 1.4, 0.8, and 1.8%, respectively; essentially all of the increase in accuracy was attributable to additional information on LMA.
Comparison of Ultrasound and Direct Measurements of Backfat Thickness and LM Area.
The relative importance of ultrasound and carcass measurements of BF and LMA was assessed by including 2 ultrasound measurements of BF and LMA and measurements of BF, LMA, and BWall from both sides of the carcass in the prediction equations. The value of ultrasound measurements was assessed 1) after fitting carcass measurements of BF, LMA, and BWall, to evaluate the additional value of ultrasound scans in carcasses that were ribbed and measured, or 2) by stepwise backward elimination of variables to yield an optimal set of predictors. As might have been anticipated, if carcass measures of BF, LMA, and BWall were available, ultrasound BF and LMA provided no additional information for prediction of HVW or CVal; optimal prediction models for HVW and CVal were those shown for carcass measurements in Table 4 .
Conversely, adding a single ultrasound measurement of BF and LMA to measurements of BF, LMA, and BWall from both sides of the carcass decreased RSD of prediction for TrHVW, TrHV%, and TrCVal by 1.3, 1.4, and 0.9%, respectively (all P < 0.001). The optimal model for prediction of TrHVW and TrHV% contained measures of LMA from both sides of the carcass, a single carcass BWall measurement, and measurements of BF and LMA from a single ultrasound scan. For TrCVal, a single ultrasound BF measurement was again more informative than 2 direct measurements of carcass BF, but, in contrast to results for TrHVW and TrHV%, an additional ultrasound LMA measurement was only marginally useful (P = 0.12) for prediction of TrCVal.
Relative Importance of Live-Animal Ultrasound and Additional Linear Measurements on Live Animals. After fitting CCW and a single ultrasound measurement of BF and LMA, a measurements of heart girth or leg width further improved accuracies of prediction for some indicators of carcass yield and value (Table 6 ). Adding 1 of these 2 linear measurements to the prediction model reduced RSD by a maximum of 0.7%. By contrast, after fitting effects of CCW and live-animal shape, addition of a single ultrasound measurement of BF and LMA to the model reduced RSD by 1.3 to 1.6% for HVW and CVal and by 7.0 to 7.4% for TrHVW, TrHV%, and TrCVal. Effects of increasing heart girth were negative and particularly large for TrHVW and TrHV%. Live-animal leg width had a significant positive association only with HVW. Linear measurements on live animals had similar effects on accuracies of prediction when tested after including averages of 2 ultrasound scans in the model (Supplemental Data 2).
Relative Importance of Direct Carcass Measurements at the 12th to 13th Rib Interface and Linear Measurements on Unribbed Carcasses. After fitting effects of CCW and a single measurement of carcass BF, LMA, and BWall, additional linear measurements of carcass shape reduced RSD by 2.1 to 2.2% for HVW, TrHVW, and TrHV%, 1.4% for CVal, and 0.6% for TrCVal (Table 7) . However, after fitting effects of CCW and measures of carcass shape, a single measurement of BF, LMA, and BWall further reduced RSD by 5.4 to 5.6% for HVW and CVal but by 10.2 to 12.2% for TrHVW, TrHV%, and TrCVal. Before trimming of high-value cuts, shoulder width and carcass length provided additional information for prediction of HVW and CVal (P < 0.05). Carcass length, LMA, and BF all had positive effects on HVW and CVal, whereas shoulder width had a negative association with HVW but a positive association with CVal (both P < 0.05). The BWall had no association with HVW and only a small positive association with CVal (P < 0.10). The HVW was also positively associated with leg width (P < 0.001) and negatively associated with cannon length (P < 0.10). After trimming, predictions of TrHVW, TrHV%, and TrCVal all included negative effects of BF and BWall and positive effects of carcass LMA 1 CVal = carcass value before trimming of high-value cuts; OTBW = off-test BW; TrCVal = carcass value after trimming of high-value cuts; HW = harvest BW.
3 USBF = ultrasound backfat thickness; USLMA = ultrasound LM area. †P < 0.10; ***P < 0.001.
and leg width. Shoulder width also had negative effects on TrHVW and TrHV% but not TrCVal. Replacement of individual measurements of BF, LMA, and BWall in the model with averages from both sides of the carcass had relatively little impact (Supplemental Data 3), with RSD for variables in Table 7 reduced by an average of only 0.9%. Residual Sire Breed Effects. Residual sire breed effects on HVW, TrHVW, TrHV%, CVal, and TrCVal were tested after fitting a model that included main effects of year, harvest group, and breed; year × harvest group and year × breed interactions; CCW; averages of 2 carcass measures of BF, BWall, and LMA; averages of 2 ultrasound measures of BF and LMA; and live-animal and carcass measurements shown in Table 3 . Sire breed effects were present (P ≤ 0.001) for all variables (Table 8) and consistent with those observed for prediction equations in Tables  4 through 7 (results not shown). Year × sire breed interaction was significant for TrHVW, TrHV%, CVal, and TrCVal (all P ≤ 0.02) but not HVW (P = 0.15). Breed differences in prediction of CVal from CCW were not consistent among years (not shown). However, after trimming of high-value cuts, overprediction of TrHVW, TrHV%, and TrCVal for Suffolk-sired lambs and underprediction of these variables for Texel-sired lambs in Table 8 were consistent among years, although the magnitude of prediction bias was small (0.8 to 1.4% of the mean).
DISCUSSION
Records for lambs born in 2006 were used by Leeds et al. (2008b) to assess accuracies of ultrasound predictors of BF and LMA and relationships between ultrasonic measurements and carcass yield and value. The current study increased the number of records used for Table 6 . Prediction equations, R 2 , and residual SD (RSD) for estimation of carcass yield and value from chilled carcass weight, a single ultrasound scan, and additional linear measurements on live animals 1 CCW = chilled carcass weight; USBF = ultrasound backfat thickness; USLMA = ultrasound LM area.
2 Wither height did not contribute to any of the predictions in this table.
3 HVW = weight of high-value cuts (rack, loin, leg, and sirloin) before trimming; TrHVW = weight of trimmed high-value cuts (trimmed rack and loin and trimmed boneless leg and sirloin); TrHV% = TrHVW expressed as a percentage of CCW; CVal = carcass value before trimming of high-value cuts; TrCVal = carcass value after trimming of high-value cuts. †P < 0.10; *P < 0.05; **P < 0.01; ***P < 0.001. Table 7 . Prediction equations, R 2 , and residual SD (RSD) for estimation of carcass yield and value from chilled carcass weight and carcass measurements 2 HVW = weight of high-value cuts (rack, loin, leg, and sirloin) before trimming; TrHVW = weight of trimmed high-value cuts (trimmed rack and loin and trimmed boneless leg and sirloin); TrHV% = TrHVW was also expressed as a percentage of CCW; CVal = carcass value before trimming of high-value cuts; TrCVal = carcass value after trimming of high-value cuts. †P < 0.10; *P < 0.05; **P < 0.01; ***P < 0.001. those assessments by approximately 3-fold, resulting in more accurate estimates of these relationships.
Accuracies of Ultrasound Predictors
The SEP for BF and LMA in this study were consistent with those reported by Emenheiser et al. (2010) for 4 experienced scanners evaluating market lambs from the State Fair of Virginia. Means and RSD for carcass BF were similar in that study (5.9 and 2.1 mm, respectively) and the current study (5.61 and 2.01 mm, respectively), but means and RSD for LMA (21.1 and 2.4 cm 2 , respectively) were larger than those in the current study (16.3 and 1.96 cm 2 , respectively). Overall SEP in that study were 1.3 mm for BF and 2.08 cm 2 for LMA and were less than the value of 1.45 mm for BF but greater than the value of 1.68 cm 2 for LMA in the current study. Values from the current study are less than values recommended for certification of scanners by Tait et al. (2005;  2.5 mm for BF and 3.23 cm 2 for LMA) but exceed those recommended by Leeds et al. (2008a; 1. 25 mm for BF and 1.53 cm 2 for LMA) to achieve a rank correlation of 0.85 between ultrasound and carcass measurements in lambs. Overall correlations between ultrasound and carcass measures in the current study (0.69 for BF and 0.65 for LMA) were similar to that reported by Emenheiser et al. (2010) for BF (0.66) but somewhat less than that reported for LMA (0.78). Overall SER in the current study were likewise smaller than those reported by Emenheiser et al. (2010; 0.78 vs. 0 .9 mm for BF and 1.65 vs. 2.07 cm 2 for LMA). Lower repeatability for LMA (0.67) than for BF (0.86) explained why a second ultrasound scan resulted in larger improvement in accuracy of prediction for carcass LMA compared to carcass BF.
Differences among years in SEP and accuracies of prediction of BF and LMA were associated with differences in experience and training of ultrasound technicians. The technician who scanned lambs in 2006 had prior experience with ultrasound scanning in swine, whereas the technician who scanned lambs in 2007 and 2008 was initially less experienced with use of ultrasound to predict body composition. However, lower accuracies and higher SEP in 2007 were within the range reported for experienced scanners by Emenheiser et al. (2010) . Also, carcass symmetry (i.e., the correlation between measurements taken on the 2 sides of the carcass) was lower in 2007 and would have reduced prediction accuracies.
Prediction of Carcass Yield and Value
Increasing LMA had a positive effect (P < 0.001) on carcass weight at comparable off-test or harvest BW (i.e., on dressing percentage) and on all measures of carcass yield and value. At comparable off-test BW and ultrasound BF, an increase of 1 RSD (1.56 cm 2 after adjustment for off-test BW; Table 2) in ultrasound LMA increased CCW by 0.30 kg. In addition, at comparable CCW and ultrasound BF, an increase of 1 RSD in ultrasound LMA was associated with predicted changes of 0.07 kg in HVW, 0.10 kg in TrHVW, 0.29% in TrHV%, $0.37 in CVal, and $0.94 in TrCVal. For carcass LMA, an increase of 1 RSD (1.55 cm 2 after adjustment for offtest BW) resulted in an increase of 0.12 kg in HVW and TrHVW, 0.36% in TrHV%, $0.82 in CVal, and $1.30 in TrCVal. These results confirm that the effect of increasing LMA is larger when carcasses are priced on a trimmed, rather than untrimmed, basis and that improving accuracy of estimation of LMA would improve the relationship between ultrasound LMA and carcass value.
The relationship between ultrasound and carcass BF and carcass yield and value was more complex that than observed for LMA. At comparable off-test BW, an increase of 1 RSD (1.18 mm) in ultrasound BF was associated with increases of 0.18 kg in CCW and 0.29% in dress- 1 Prediction bias were derived from a model that included effects of year, harvest group, and breed; year × harvest group and year × breed interactions; chilled carcass weight; averages of 2 ultrasound scans; average carcass backfat thickness, LM area, and body wall thickness from both sides of the carcass; and additional linear measurements on live animals and carcasses (Table 4) .
2 HVW = weight (kg) of high-value cuts (rack, loin, leg, and sirloin) before trimming; TrHVW = weight (kg) of trimmed high-value cuts (trimmed rack and loin and trimmed boneless leg and sirloin); TrHV% = TrHVW was also expressed as a percentage of chilled carcass weight; CVal and TrCVal = carcass value ($) before and after trimming of high-value cuts.
3 USMARC = U. The impact of increasing BWall on carcass yield and value was somewhat equivocal. After adjusting for effects of CCW, BF, and LMA, BWall had no additional value as a predictor of HVW or CVal but had large negative effects (P < 0.001) on TrHVW, TrHV%, and TrCVal and, when evaluated as an alternative to BF, was a superior predictor. The U.S. lamb yield grade is based on carcass BF, although with provision for subjective adjustment of the observed BF by the grader (USDA, 1992). The total tissue depth over the 12th rib at 11 cm from the midline of the carcass (commonly referred to as GR; Australian Wool Innovation and Meat and Livestock Australia, 2013), is analogous to BWall and often used in countries other than the United States as a predictor of lamb cutability (Kirton and Johnson, 1979; Hopkins, 1994; Jones et al., 1996; Thériault et al., 2009 ). However, BF was reported to be similar to GR as a predictor of carcass lean content (%) in Australian Poll Dorset × Merino lambs (Hopkins et al., 2008) . Our results suggest that greater emphasis on BWall as a predictor of carcass yield and value would be desirable and consistent with greater emphasis on removal of excess fat before merchandising.
Declines in TrCVal associated with increases in BF and BWall in this study are likely to be conservative. Removal of fat from loin, leg, and sirloin and bone from leg and sirloin likely minimized differences among carcasses in composition of these trimmed cuts. However, trimming of racks probably did not achieve the same level of standardization of fat content, and shoulder, breast, and neck were not trimmed at all. Additional discounts for excessive fatness in untrimmed cuts and less-than-fully trimmed racks would increase negative effects of fatness on trimmed carcass value but cannot be determined from our data. Price reports for U.S. lamb did not provide information on prices for trimmed retail cuts derived from carcasses with different yield grades.
Ultrasound BF was superior to carcass BF for prediction of carcass yield and value, suggesting that ultrasound BF has predictive value beyond that associated with prediction of carcass BF. Tearing or disruption of carcass BF may occur at pelt removal and, even after removal of a few carcasses with obvious BF disruptions or marked asymmetry in carcass BF between sides, RSD for carcass BF was approximately 50% larger than that of ultrasound BF. Alternatively, ultrasound BF may simply be superior to carcass BF as an indicator of carcass fatness, especially in lambs with relatively low mean BF thickness (5.6 mm in this study).
Addition of linear measurements on live animals and/ or carcasses to ultrasound or direct carcass measurements at the 12th to 13th rib interface had small but significant effects on carcass yield and value. However, exclusion of measurements of BF, LMA, and BWall at this location resulted in substantial reductions in accuracy of prediction equations. This result was consistent with studies using image analysis of unribbed carcasses to predict "saleable meat" yield (%; Brady et al., 2003; Cunha et al., 2004) . In those studies, R 2 for saleable meat yield ranged from 0.643 to 0.702, and RSD ranged from 2.1 to 3.3%. These predictions were broadly consistent with R 2 and RSD for prediction of TrHV% from CCW and 4 linear measurements on unribbed carcasses in our study of 0.574 and 1.14%, respectively, but are not directly comparable because selection for diversity in carcass characteristics in those studies would be expected to inflate both R 2 and RSD relative to those observed in the current study. Additional information on fatness and LM size at the 12th to 13th rib interface in those studies reduced RSD by 6.1 to 6.8%, which was less than the reduction of 10.2% observed for TrHV% in the current study. This difference may reflect the larger number of measurements used for image analysis but supports the contention that accuracy of prediction can be increased by including information from the ribbed carcass. In the United Kingdom, addition of information on fatness and LM size after fitting 7 measurements on the intact carcass reduced RSD for "dissectible muscle weight" by 10% in Texel lambs but had no effect in Scottish Blackface lambs (Lambe et al., 2009 ). In the same lambs, addition of ultrasound measurements to linear measurements on live lambs reduced RSD for dissectible muscle weight by 8.6% in Texel lambs but again had no effect in Scottish Blackface lambs (Lambe et al., 2008) . These reductions compare with reductions in TrHVW associated with additional ultrasound or 12th to 13th rib interface measurements of 7.4 and 11.1%, respectively, in the current study.
Residual sire breed effects were present for most predictors and suggests that the more compact carcasses produced by Texel sires (Notter et al., 2014) were slightly more valuable and that the carcasses produced by larger-framed Suffolk sires were slightly less valuable than predicted by CCW and other available live-animal and carcass measurements. This result supports the contention by Notter et al. (2014) that joint selection for rapid growth and muscling could have positive effects on carcass value in terminal sire breeds. Positive residual effects on carcass value in Texel-sired lambs may also be associated with a favorable mutation in the myostatin locus that affects muscling in this breed (Laville et al., 2004) .
Prediction equations in this study were optimized for within-breed prediction and should thus be optimal for genetic evaluation and progeny testing. However, other populations of inference can be defined and may be more appropriate for different prediction objectives such as pricing of live lambs or carcasses in multibreed populations and/or across harvest groups (Notter et al., 2014) . For example, if prediction equations were optimized for across-breed selection by removing sire breed effects and sire breed × year interaction from the model, regression coefficients for BF and LMA were less negative and more positive, respectively, to better address positive residual effects on carcass yield and value in fatter, more muscular Texel-sired lambs. Resulting residual prediction biases in TrHVW, TrHV%, and TrCVal between Suffolk and Texel sires in Table 8 were reduced by 52 to 54% (results not shown). Alternative prediction equations for such situations are available from the authors.
In conclusion, this study indicates that ultrasound measurements of BF and LMA are useful predictors of carcass BF and LMA and can also be used to predict carcass yield and value. Ultrasound measurements of BF and LMA were superior to linear measurements on live animals or unribbed carcasses as predictors of carcass yield and value. Use of ultrasound in live animals can thus support value-based marketing of live lambs and genetic improvement of carcass value.
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